We demonstrate that a femtosecond laser pulse-induced filament can act as a "polarization separator" for a copropagating femtosecond probe pulse. The probe component with polarization parallel to the pump is guided along the propagation axis through the cross interactions with the pump pulse. And the probe component with polarization orthogonal to that of the pump is diffracted out into an outer ring by the plasma. The underlying dynamics of the intense femtosecond laser pulse filamentation process in gases is governed by the optical Kerr self-focusing and the laserinduced plasma defocusing. Their balance gives the filament its unique features, which are a small diameter and a stable high intensity (around 5 ϫ 10 13 W/cm 2 in air) over distances much longer than the Rayleigh range [1] [2] [3] [4] [5] . The high intensity in the filament zone was proven to induce some interesting nonlinear effects such as stable third-harmonic generation [6] [7] [8] , ultrafast UV to visible pulses generation by four-wave mixing [9, 10] , production of terahertz sources at a remote location [4, 11, 12] , generation of white light pulses for atmospheric sensing [5, 13] , and continuous self-frequency downshift in the filament [14] . In addition, it was recently demonstrated by Béjot et al. that remarkable birefringence is induced by filaments of ultrashort laser pulses in argon [15] . This latter phenomenon results from filament-induced symmetry breaking in the optical response of the isotropic atomic argon gas.
The underlying dynamics of the intense femtosecond laser pulse filamentation process in gases is governed by the optical Kerr self-focusing and the laserinduced plasma defocusing. Their balance gives the filament its unique features, which are a small diameter and a stable high intensity (around 5 ϫ 10 13 W/cm 2 in air) over distances much longer than the Rayleigh range [1] [2] [3] [4] [5] . The high intensity in the filament zone was proven to induce some interesting nonlinear effects such as stable third-harmonic generation [6] [7] [8] , ultrafast UV to visible pulses generation by four-wave mixing [9, 10] , production of terahertz sources at a remote location [4, 11, 12] , generation of white light pulses for atmospheric sensing [5, 13] , and continuous self-frequency downshift in the filament [14] . In addition, it was recently demonstrated by Béjot et al. that remarkable birefringence is induced by filaments of ultrashort laser pulses in argon [15] . This latter phenomenon results from filament-induced symmetry breaking in the optical response of the isotropic atomic argon gas.
In this work, we demonstrate that a filament induced by a femtosecond laser pulse in air can act as a "polarization separator" for a copropagating femtosecond probe pulse: it guides the probe component with a polarization parallel to that of the pump along the propagation axis through cross interactions [6, 8, 16, 17] , and it diffracts the probe component with orthogonal polarization to an outer ring through plasma diffraction.
In our experiment, a 1 kHz, 800 nm, 75 fs (slightly negatively chirped) Ti:sapphire laser beam was split into two. The first beam (1.1 mJ/pulse) was used as a pump to generate a single filament in air at ambient pressure. The second beam was frequency doubled to 400 nm by a ␤-barium borate (BBO) crystal and was used as a probe (3 J/pulse). Figure 1 illustrates the experimental setup. The two beams were combined together by an unpolarized dichroic mirror (DM, with high reflective coating at 400 nm on one side and antireflective coating at 800 nm on the other side).
Both of them were initially linearly polarized and were focused by a plano-convex lens with a focal length of 50 cm. The length of the filament is around 3 cm. The polarization of the pump was maintained horizontally throughout the whole experiment while that of the probe was controlled by a half-wave plate (HWP). An 800 nm mirror (0°) was put after the filament to block the pump beam while transmitting the probe beam. A paper screen was set around 1 m after the filament, and a CCD camera recorded the fluence distribution of the probe scattered by the screen. A bandpass filter centered at 400 nm ͑bandwidth =10 nm͒ and neutral density (ND) filters were used in front of the CCD camera. The polarization of the probe beam was analyzed by a cube polarizer that was placed just after the 800 nm mirror (0°). To verify the time delay between the pump and the probe, we inspected the transmission of the central part of the probe (initially forming a 45°angle with the pump) through a crossed analyzer. This analyzer blocked the probe transmission in the absence of the pump. When the pump was turned on, the polarization of the central part of the probe became parallel to the pump owing to filament-induced polarization separation (details in the following paragraphs); hence, probe transmission through the analyzer was observed. The time delay was optimized to obtain a maximum transmission of the central part of the probe through the crossed analyzer. Eventually, the flower pattern disappears completely and one strong outer ring takes over when the analyzer is oriented at −90°[ Fig. 2(c) ]. Obviously, the flower pattern is composed of the probe components with parallel-to-pump polarizations, while the outer ring comes from the probe components with orthogonal polarization. As a consequence, the laser-induced filament acts as a polarization separator. It spatially separates the two orthogonal polarizations of the probe. Figure 3 shows a quantitative polarization analysis of each part of the probe beam pattern. The initial linear probe polarization forms a 45°angle with the pump polarization. Each experimental point (symbol) was obtained by integrating the fluence distribution over selected area of the pictures at an angle of the analyzer ranging from −140°to 60°. Each experimental curve was normalized to 1. The solid curves are fittings by using Jones's matrix formalism [18] . For both the central spot and the ring in the flower pattern [ Fig. 2(f) ], the filament was modeled as an ideal polarizer whose transmission axis is parallel to the pump polarization [solid curves in Figs. 3(a) and  3(b) ]. For the outer ring [ Fig. 2(c) ], the filament is modeled as a polarizer whose transmission is perpendicular to the pump polarization [solid curve in Fig.  3(c) ]. The experimental results show that the central spot [solid squares in Fig. 3(a) ] and the ring in the flower pattern [solid circles in Fig. 3(b) ] remain highly linear and their polarizations are parallel to the pump, which fits well with the simulations [solid curves in Figs. 3(a) and 3(b) ]. The polarization of the outer ring [solid triangles in Fig. 3(c) ] is perpendicular to the central spot and to the ring in the flower pattern, hence, orthogonal to the pump. The extinction ratio ͑I min probe / I max probe ͒ of the outer ring ͑ϳ1:4͒ is somewhat higher than that of the central spot ͑ϳ1:20͒. It proves that some parallel-to-pumppolarization probe components are diffracted out into the outer ring, but that almost no perpendicular-topump-polarization probe components transmit through the core of the filament.
For further verification we analyzed the probe central spot polarization using different initial polarizations (Fig. 4) . The experimental and simulated curves are obtained in the same way as described above for Fig. 3 . This figure confirms that, after the interaction with the filament core, the polarization of the probe central spot is always parallel to the pump (solid squares, circles, triangles, and pentagons in Fig. 4) , regardless of the initial probe polarization. The experimental curve obtained with the initial probe polarization orthogonal to the pump (solid diamonds in Fig. 4) highlights the good property of the filamentinduced polarization separator in the central region, showing less than 5% transmission for the perpendicular polarization, i.e., an extinction ratio ഛ1 : 20. Good quantitative agreement between the experimental results and the simple theoretical model proves that a filament is able to act as a polarization separator for copropagating pulses at any input polarization.
The mechanism of the observed filament-induced polarization-separating effect can be explained by the difference in pump-induced nonlinear contributions to the refractive indices along two orthogonal directions. On the one hand, the probe component having a parallel-to-pump polarization sees a balance between the pump-induced Kerr self-focusing (nonlinear index change) through a cross-field interaction [6, 8, 16, 17] when the two beams propagate together inside the filament zone and the pump-induced plasma defocusing. Thus, it will be guided in the center by the pump [see Fig. 2(f) ]. The four hot spots on the weak ring in the flower pattern are probably due to the elliptical input beam profile in our experiment [19] . They are located symmetrically along the major and minor axes of the initial beam profile. On the other hand, regarding the probe component with an orthogonal-to-pump polarization, the pump-induced nonlinear contributions to the refractive index is given by [15, 20] 
where ⌬n Ќ and ⌬n ʈ are the orthogonal and the parallel-to-pump polarization, respectively, pumpinduced nonlinear contributions to the refractive index, and ijkl ͑3͒ = ijkl ͑3͒ ͑ probe ; probe , pump ,− pump ͒ is the third-order susceptibility. It is known from previous work that yyxx ͑3͒ Ͻ xxxx ͑3͒ [15, 20] , so ⌬n Ќ Ͻ⌬n ʈ . However, the laser-induced plasma defocusing has no preference along the two axes. Therefore, there is no balance between self-focusing and plasma defocusing for the probe component with orthogonal-to-pump polarization. This component will be diffracted out by the self-generated plasma while copropagating with the pump, hence, forming an outer ring [see Fig. 2(c) ].
In conclusion, we demonstrated that a femtosecond pulse-induced filament in air can act as a polarization separator for a copropagating probe pulse. After interaction with the pump, the probe is separated spatially into two parts: one part (having polarization parallel to the pump) is guided by the pump and remained on the propagation axis [see Fig. 2(f)] ; the other part (with orthogonal-to-pump polarization) is diffracted out by the pump-induced plasma to an outer ring [see Fig. 2(c) ]. The polarization of the probe can be easily manipulated by simply changing the polarization of the pump. This technique provides a totally new broadband polarization separator that acts on a femtosecond time-scale window, opening new possibilities for ultrafast information processing and telecommunications.
